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Abstract  
Biochar application to soil is suggested as a way of enhancing soil fertility by increasing the 
availability of nutrients and water. The former is perhaps better documented while the latter 
has less experimental support. This review critically investigates recent literature which 
focuses on determining if biochar induces increases in plant available water and that this 
provides part of the explanation for possible increases in crop yield. A number of studies 
suggests that biochar increases crop yields and this is linked to enhancement of soil water 
content and increased crop growth. However, many of these studies fail to fully consider if 
the measured biochar increases of 10-30% in soil water content, were actually responsible for 
an increase in plant available water for crop growth. There is also limited evidence of 
increased crop yields when biochar is used in field experiments. While biochar soil application 
may increase soil water content, this appears to most likely occur with free draining coarsely 
textured sandy soils. As yet there is limited evidence that biochar improves soil water content 
in temperate soils and even less that it facilitates plant tolerance to drought stress. More 
recent literature shows the use of methods which quantify soil biochar changes with respect 
to plant water availability. However, despite some advances in our understanding of biochar’s 
mode of action, there are still only a few studies which link increases in plant available water 
with increased crop yields, and particularly with respect to the longer-term use and 
functionality of soil applied biochar. 
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Relevance of soil applied biochar and the aims of this review 
The importance of biochar as a recalcitrant source of carbon in soils and its possible 
carbon sequestration benefits (The Royal Society 2009a) are put to one side, despite the 
limited number of quantitative studies describing its long-term behaviour in terrestrial 
ecosystems (Forbes et al., 2006; Jeffery et al., 2011), this still remains an important issue 
(Zhang et al., 2016). Here the focus is on biochar’s ability to increase agricultural yields via 
increases in soil water content (SWC) (Lehmann et al., 2006; Atkinson et al., 2010; Woolf et 
al., 2010; Omondi et al., 2016). There is considerable interest in understanding how soil 
applied biochar might increase crop yields, particularly if this occurs by reducing drought 
stress (Blanco-Canqui 2017). Much attention is now rightly given to the importance of ‘soil 
health’ and its link with agricultural yields, as the challenge to produce more food globally 
continues to increase (The Royal Society 2009b). This can only be achieved through global 
adoption of sustainable practices and a reversal of global soil degradation.  
  
 Evidence, initially from South America (Amazonian, ‘dark earths’ soils or terra preta), 
where anthropogenic soil biochar incorporation has occurred, often over 1000s of years (Kern 
et al., 2003; Lehmann and Rondon 2005), supports the notion of increased crop yields, as does 
more recent experimental evidence from soils in tropical regions (Lehmann et al., 2003b; 
Steiner et al., 2007; Blackwell et al., 2009; Jien and Wang 2013). This is perhaps, not 
unexpected given the climatically induced high rates of soil organic carbon turnover, poor soil 
physical structure (a sandy texture), high rates of mineralisation, and low cation exchange 
capacity, apparent in acidic tropical soils (e.g. ultisol, oxisols and arenosols). This has led to a 
decline in soil organic matter (SOM) and the leaching of soils, which become minerally 
deficient (Liang et al., 2006; Steiner et al., 2007; Richter and Babbar 1991). It is, however, 
4 | P a g e  
 
important to note that the constituents of these terra preta soils are far more complex than 
just sites of high charcoal/biochar addition (Kampf et al., 2003; Lehmann et al. 2003b). Their 
analysis shows a number of constituent candidates, not just SOM, as potential crop resources 
which might enhance agricultural yields relative to untreated soil (Glaser et al., 2001, 2002; 
Lehmann et al., 2003ab; DeLuca et al., 2009; Steiner 2007; 2008; Zong et al., 2016). It is, 
however, not clear given the differences in climate, soil type and function, how extensive the 
yield increases seen in terra preta soils translate into increases in yields in other regions, 
where soils and climates are different from the tropics (Liu et al., 2013; Jeffery et al., 2017). 
Some experiments suggests that the absence of detectable increases in crop yields when 
biochar is used in northern temperate regions, can be explained primarily through differences 
in soil type and the use of soils experimentally (Table 1), which are not nutritionally deficient 
or physically poor as is the case with many tropical soils (Atkinson et al., 2010; Jay et al., 2013; 
Jeffery et al., 2017). What is much less clear are the possible effects that biochar might have 
beyond the more obvious soil and crop nutritional increases, particularly those linked to 
increased SWC and tolerance to crop drought stress (Pressler et al., 2017). Drought tolerance 
may in part be responsible for Amazonian terra preta increases in crop yields and provide a 
mechanism to explain agricultural yield increases outside tropical climates (Atkinson et al., 
2010).  
  
 The aim of this work is to examine published claims which suggest that the application 
of biochar enhances crop available water and that this provides a mechanism by which yields 
increases.  The evidence has been reviewed critically to determine if biochar application 
increases not only SWC, but is also accompanied by a measured increases in water available 
to the crop.  As soils contains more water than can be abstracted and used for plant growth, 
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the primary interest here is to determine if changes in SWC translate into more water 
available for crop growth, i.e. increased ‘plant available water’ (PAW). While understanding 
that the effects of increases in SWC, due to biochar application, are potentially different from 
those of increased PAW.  
  
 Suggestions that biochar may increase PAW are discussed based on the initial 
observations derived from terra preta soils in Amazonia and consideration is given to whether 
these translate into benefits outside these tropical regions and climates. Despite repeated 
suggestions, within a number of biochar reviews, clear evidence for biochar enhanced PAW 
is hard to find, with the predominant exception of measurements linked to coarse and/or 
sandy soils (Uzoma et al., 2011; Novak et al., 2012; Abel et al., 2013; Basso et al., 2013; 
Mulcahy et al., 2013; Saarnio et al., 2013; Bruun et al., 2014; de Melo Carvalho et al., 2014; 
Laghari et al., 2015; Obia et al., 2016; Glab et al., 2016; Omondi et al., 2016; Blanco-Canqui 
2017) .  
 
Why might soil biochar application increase crop yields? 
Water within the soil is a particularly important aspect of crop production. Too little, or 
too much water and crops will not achieve their expected yields and aspects of crop quality 
can be effected both negatively and positively. Soil water content (θ) can be expressed 
gravimetrically (θg; g water g-1 soil), or volumetrically (θv; cm3 water cm-3 soil) and it is 
influenced by gravity, the forces of capillarity (pressure), adsorption (electrostatic) and 
osmosis (solute). While it is the forces of capillarity and adsorption, in particular, that impact 
on plant available water (θpaw). Plant available water (PAW) being determined by the 
difference between the water held at field capacity (θfc) and that at the permanent wilting 
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point (θpwp) (see Liu et al., 2017). PAW can only be realistically determined from 
measurements of the water potential (ψ) of the soil, after gravitational drainage (~0 kPa) and 
at θpwp (-1000 to -1500 kPa) (Figure 1). The permanent wilting point being where plant water 
availability terminates due to the high counter pressure required by roots to abstract it from 
the soil particle matrix, as determined by the soil matrix potential (ψm). The matrix properties 
of soils are altered by soil type, maturation/development and by management and they can 
all influence both total SWC and PAW (e.g. and possibly biochar application; see Figure 1). The 
importance of θpaw, θfc and θpwp on crop physiological function (leaf growth and 
photosynthesis) and yield are well known (see Dunne et al., 1975).  
 
Less is known about the impacts that management practices, such as biochar 
application, have on soil function. But evidence suggests that the physical structure of 
biochar, with respect to its surface area (de Melo Carvalho et al., 2014), its chemistry (Glaser 
et al., 2002) and porosity and micro- and macro-structure (Downie et al., 2009; Abel et al., 
2011; Kinney et al., 2012; Liu et al., 2017), or the physical properties of the soil itself (Castellini 
et al., 2015; Omondi et al., 2016), such as bulk density (Blanco-Canqui 2017) are altered [Table 
2]. It is hypothesised that such features, particularly biochar’s high internal porosity, has the 
potential to increase SWC which leads to greater PAW (Liu et al., 2017).  Importantly for there 
to be evidence that biochar reduces crop drought stress an increase in PAW is required. If 
crop water availability were increased by biochar incorporation, then changes in PAW can 
only be effectively determined from measurements of the flux of water from the soil to the 
root. The energy gradient (soil matric potential, ψm) in the process, to overcome the forces 
required to remove water from within (capillary) and adhering (adsorption) to soil/biochar 
particles, has to be measured to determine PAW (Kramer 1969; Figure 1).  
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Is there evidence from terra preta soils of increasing plant available water? 
Increasing soil organic matter (SOM) content enhances SWC and PAW which is a key 
factor in determining crop yields (Bates et al., 2008). It has been shown that the original 
Amazonian terra preta soil patches have higher SWC relative to non-terra preta neighbouring 
soils (Lehmann et al., 2003b and quoted within from Hartt 1885; Teixeira and Martins 2003; 
Glaser et al., 2001; 2004). However, due to the complex composition of terra preta, it is an 
assumption that differences in SWC were only due to the presence of biochar. A number of 
non-peer reviewed studies, in Portuguese, describe many terra preta soil patches where soil 
‘moisture retention’ was suggested as an important factor in explaining increased crop 
growth (see Kern et al., 2003; Kampf et al., 2003). The challenge in validating these reports is 
to determine how difference in SWC increase crop growth and if an increase in PAW can be 
measured. Glaser et al. (2004) compared terra preta soil patches with local native ferralsols 
and showed a 15% increase in topsoil SWC at ‘field capacity’, from which they conclude 
increased growth on terra preta was at least in part due to improved SWC, as may be the case 
elsewhere (McKey et al., 2010).  However, more recent observations on terra preta, generally, 
provide little experimental support for the notion of increases in PAW (Lehmann et al., 2003b; 
2009; Downie et al., 2009). It is implied, via the benefits of increased SOM that PAW increases 
in terra preta soils (Lehmann et al., 2003b; Major et al., 2009). This speculative approach, with 
limited evidence is seen in the review of Jha et al., (2010) where in the abstract, biochar 
increases in SWC are implicated despite only a single study being cited (i.e. that of Asia et al., 
2009).    
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Evidence for increases in SWC from biochar experiments using non-sandy soils 
 As has already been suggested there is a reasonable amount of reliable evidence to 
show that when soil texture is coarse and/or sandy biochar has the capacity, albeit at high 
application rates to increase SWC (see review of Blanco-Canqui 2017 and references above). 
There is a lack of evidence that increased plant growth on terra preta soil patches, is to 
increased PAW, however this does not mean that soil applied biochar does not increase PAW 
(Laird 2008; Verheijen et al., 2009; Jeffery et al., 2011; Novak et al., 2012; Hardie et al., 2014; 
Omondi et al., 2016; Liu et al., 2017). From its physical structure, particularly its porosity, 
biochar has the ability to adsorb water and chemicals on its surface and retain water and 
gases in a manner proportionally linked to its structural pore geometry, size and pore size 
distribution (see Table 2; Dıaz-Teran et al., 2001; Keech et al., 2005; Pignatello et al., 2006; 
Verheijen et al., 2009; Basso et al., 2013; Andrenelli et al., 2016; Liu et al., 2017). It is 
suggested that biochar pore sizes between 0.1 and 10 µm are responsible for biochar’s water 
absorption (Major et al., 2009; Liu et al., 2016). Knowledge of biochar’s direct effects on 
increasing SWC are not well documented (Abel et al., 2013; Song and Guo 2012). For example, 
biochar’s complex chemistry shows non-conventional hydrogen bonding of water molecules 
(Conte et al., 2013). The evidence of an impact of applied charcoal to temperate soils is not 
extensive, but North American forest soils show increased soil ‘available moisture’ (increased 
by 18%) and reduced evaporation (Tryon 1948). What was meant by ‘available moisture’ was 
not defined. These differences were however detectable in sandy soils, used in an in vitro 
study, when mixture rates were high (45% by volume, which is equivalent to around 70 t ha-1 
of biochar). As a soil management tool incorporation, at such a high rates, would be 
challenging for a number of reasons, beyond just the availability of sufficient feedstock. Chan 
et al. (2007) suggest that biochar increases SWC with applications >50 t ha-1. They show 
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measurements at field capacity, so it is unclear if PAW was increased and responsible for 
greater crop yields, particularly under drought; perhaps by temporal extension of water 
availability. A number of studies, similar to that of Chan et al. (2007), imply biochar enhanced 
SWC citing measurement of SWC (Song and Guo, 2012; Saarnio et al., 2013; Bruun et al., 2014; 
Spokas et al., 2016; Omondi et al., 2016). While few studies show an increased yield response 
due to biochar in the absence of an increase in SWC; one exception is Graber et al. (2010), 
where biochar increased yields in the absence of a measurable change in SWC. Biochar 
application is suggested to increase water use efficiency (WUE), but the improvement was 
not shown to be due to less water being used, rather an increased yield with an absence of a 
link with water availability (Uzoma et al., 2011).  Similarly, work reported with dry land wheat 
strongly suggests that yield increases resulted from enhanced crop water uptake; however, 
neither SWC, nor crop water uptake data were presented (Blackwell et al., 2010).  A 
comparative study with sugarcane biochar (3% by weight), using soil (described as a heavy 
clay) filled lysimeters and field plots with biochar ploughed in (depth 0.3 m), suggested PAW 
increased due to biochar (Chen et al., 2010). Initial differences in the moisture content of 
treated soil and controls soil were large (varying from 20% to 60%). There appeared to be an 
increase in SWC due to biochar, but this was only apparent with one biochar treatment. 
Measurements of SWC, during crop growth, showed differences which did not exceed 10% 
[by volume] (Chen et al., 2010). To determine the impact of biochar (application rates of 100 
to 200 t ha-1) and irrigation on Quinoa physiology, plants were grown at 60% and 20% SWC 
(Kammann et al., 2011). These experiments did not show to what extent the lower SWC 
treatment induced a decline in soil, or plant tissue water potentials. Nothing was presented 
of the effects of these treatments on crop leaf growth or transpiration, or how these 
processes may have adapted to compensate for the supply (root uptake) and demand (whole 
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plant transpiration and/or plant leaf area) differences. Such differences can occur when 
irrigation is supplied at a constant rate (not plant demand driven) as with a gravimetric 
approach to controlling SWC (Kammann et al., 2011).  
  
 More recent and generally more robust studies suggests that increased SWC, at field 
capacity, due to biochar incorporation, was only evident with sandy rather than clay type soils 
(Novak et al., 2009; 2012; Uzoma et al., 2011; Abel et al., 2013; Basso et al., 2013; Mulcahy et 
al., 2013; Bruun et al., 2014; Castellini et al., 2015; Haider et al., 2015; Jeffery et al., 2015; 
Laghari et al., 2015; Obia et al., 2016; Glab et al., 2016; Omondi et al., 2016).  Biochar addition 
to soil cores of different mineralogy, subject to a series of wetting and drying cycles, showed 
increased SWC (Herath et al., 2013). But more importantly these authors quantified plant 
water availability by measuring SWC over a range of soil matric potentials (see Figure 1). Only 
from this approach can SWC measurements be functionally linked to PAW and the prediction 
of crop water availability over time.  
 
Field based application and measurement of crop physiology and water balance  
 Biochar research urgently needs greater attention and precision in regard to the 
determination of its potential to increase crop yields, in the field, through measured changes 
in PAW (see approach and methodology in Liu et al., 2016). Karhu et al. (2011) were unable 
to demonstrate any biochar increases in yield, in an arable field crop rotation, when 
measuring SWC gravimetrically. However, in a meta-analysis of Omondi et al. (2016), which 
included some 274 studies, they determined available water derived from gravimetric 
measurements of SWC, produced a yield increase of 15% due to biochar (the sample size was 
74). A large proportion of this yield increase came from laboratory compared to field 
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experiments where coarse textured soils were used (sample size was 158). Elsewhere, it was 
suggested that biochar, with a single soil type (Maddock series), prolonged field crop water 
use over time (i.e. whole plant transpiration), but these data are not shown (Mollinedo et al., 
2015). The work of Baronti et al. (2014) provides a link between crop physiology and soil and 
plant water relations. While the approach taken by Abel et al. (2013) showed an increase in 
SWC due to biochar use, albeit with a sandy soil. Similarly, the majority of references cited by 
Omondi et al. (2016), Blanco-Canqui (2017) and Ali et al. (2017) to support biochar induced 
reductions in plant drought stress were from sandy, or sandy loam soils. Similar 
measurements to those of Abel et al. (2013) have been used with a clay soil and show a rare 
level of published detail linking biochar application rate with positive and negative effects on 
the physical properties of a soil type of known limited porosity (Castellini et al., 2015). 
Andrenelli et al. (2016) suggested that the potential biochar induced increases in plant growth 
were achieved through changes in soil hydrology (due to soil bulk density declines), as well 
as, the biochar’s own porosity (see Table 2). Measurements of soil volumetric water content 
(SVMC – g H2O g-1 soil) derived from a fine-loamy Mollisols mixture showed no differences 
due to biochar application (Rogovski et al., 2014). Again, these authors suggest biochar 
porosity and high surface area were linked with increased crop yields. Their biochar 
experiments, despite measurements at a range of soil matric potential, and a suggested 
biochar increase in PAW over time, did not show a detectable biochar effect on maize yield 
in the presence of what is described as severe drought.  In contrast Liu et al. (2016) analyses 
of biochar porosity and PAW showed that measurements at three pore sizes (diametric ranges 
<0.1 µm, 0.1-10 µm and 10-100 µm) where linked to field capacity as defined as water 
retained under pressure heads of -340 cm, 15 cm and 300 cm, respectively. It is the pores 
between 0.1 and 10 µm that enhance PAW. While Liu et al. (2017) demonstrated the 
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experimental approach and value of PAW characterisation of biochar increased SWC using 
water retention curves (see Figure 1). The approach and the results, from this glasshouse 
study, to measure soil water retention, showed for one feedstock, that different rates of 
biochar pyrolysis increased PAW (Ojeda et al., 2015).  
 
 Biochar structural porosity can increase SWC and potentially PAW and there is now good 
evidence that this feature can be manipulated by selection of biochar feedstock and by fine-
tuning the pyrolysis process with respect to production temperature and duration. This 
opportunity facilitates the means by which biochar production can be manipulated to 
enhance SWC and PAW and produce ‘designer biochars’ which increased PAW.  
 
Conclusions 
This review has shown that increased attention is being given to measuring θpaw (the 
difference between θfc and θpwp) derived from soil water potentials and how soil applied 
biochar contributes, to increasing PAW.  Such knowledge is key to evaluating biochar as a 
management tool to sustain crop growth under conditions of water shortage.  Some of the 
studies highlighted adopt appropriate metrics to determine changes in PAW which needs to 
be duplicated in future research. Evidence indicates, at least in sandy compared to loamy soils 
with their intrinsically lower θs values, that biochar can, under some circumstances increase 
PAW. The evidence suggests that extent to which biochar application could increase PAW is 
likely to be rate dependent. However, the practical and economic realism of achieving high 
rates of biochar application are a challenge.  Knowledge of pyrolysis and the variation in 
feedstock structural and chemical types provides an opportunity to produce biochar with 
different physical (and chemical) characteristics to increase PAW. However, these 
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characteristics and their potential to increase PAW need to be determined for a specific type 
of biochar, feedstock and pyrolysis process. As yet there is only limited evidence that field 
biochar application improves crop water availability and therefore crop yields, particularly in 
temperate regions. The link between crop water use and biochar has yet to be fully examined. 
The limited time span over which most biochar experiments are performed has unknown 
implications for understanding biochar’s longer-term potential to sustain observed effects 
such as increased crop yields. This is particularly true considering biochar’s recalcitrant and 
hydrophobic properties, along with those induced by mixing with soil (structural, physical, 
chemical and hydrological) and the impacts that may be seen on crop productivity. This review 
has shown why it is important to measure θpaw when evaluating the possible benefits of 
biochar use in agriculture.  It has also shown that the quantification of available water needs 
to be derived from measurement of ψm to account for differences in soil and biochar structure 
and function, physical and chemical, along with their interactions.  
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Figure 1. Soil moisture release/retention curve characteristic changes described by the 
relationship between soil volumetric content (θ) and soil water potential (ψ) describing the 
hypothetical effects of the application of biochar.  
 
The example here with a sandy soil type shows that volumetric water content declines sharply 
as the matrix soil water potential becomes more negative. At lower soil water potentials the 
material can hold a volume of water that is unavailable for crops. The black horizontal line 
denotes the point at which, with respect to a plant θpwp where the remaining soil water is not 
theoretically available. The position of this line will move upwards in soils with a higher clay 




Note: The relationships shown are derived from the principles of hydrology for a sandy type 
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Table 1. Soil factors altered by the presence of biochar within a sandy or loamy/clay type soil. Both indirect and direct factors are presented for 
both typical soil types and an assessment is made based on the literature read and all those cited in this review.   
Predicted significant of enhanced 
plant available water (PAW) 
Presence of 
evidence for an 
impact in a 
sandy type soil 
Factor influenced by the presence of biochar in the soil 
Presence of 
evidence for an 










Increase in carbon storage (true with most soils except peat soils) 
Enhanced organic matter content (assuming some biochar decomposition)  
Reduction in bulk density (due to biochar’s low density) 









Provision of microbial refugia (due to biochar porosity) 
Increase in microbial diversity (due to biochar porosity habitat creation) 




 Plant/crop properties  
+ Enhanced volume of exploitation by root (due to soil structural changes) - 
Primarily 
direct effects 




Enhanced water infiltration (due to increased soil hydraulic conductivity) 
Increased soil water content at saturation (due to soil/biochar water absorption) 









Increased nutrients derived from biochar decomposition (due to biochar’s innate chemistry) 
Enhanced nutrient adsorption on to biochar (due to biochar’s CEC) 
Increased nutrient availability (due to biochar’s nutrient exchange properties) 











Increased root proliferation (due biochar’s physical and chemical properties) 
 Reduced plant oxidative stress (due to biochar’s absorption properties) 
Conservation of soil water (due to biochar’s prolonged water availability for plant survival) 
Increased crop water use efficiency (due to biochar’s capacity to store water longer) 






Note: the assessment scouring annotation is a follows: very limited evidence of an influence (-), some evidence (+), reasonable evidence (++); and a good deal of evidence (+++). The categories 
are assigned based on estimation of numbers of papers published which show appropriate evidence and range from 0-1, 2-5, 6-10 and >10 respectively for each of the categories - to +++ 
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Table 2. Classification of biochar pore structure revised from gas adsorption porosity and presented in relation to soil water holding capacity 








































produced voids in 






Brown et al., 2006 
Downie et al., 2009 
Mukherjee et al., 2011 
Gray et al., 2014 












Downie et al., 2009 
Gray et al., 2014 











when the soil θs 











Downie et al., 2009 
Major et al. 2009 

















SWC at higher 
soil ψ 











ratio and biochar 
pyrolysis rate 
Rogovska et al. 2014 
Andrenelli et al., 2016 
Liu et al., 2017 
Note: the approach tabulated here is derived from sources cited in the right-hand column 
